Abstract In this work, the effect of a low-temperature plasma on the zeta potential of cotton fabric was studied. The silver particle absorption on cotton fabric when modified by a low-temperature plasma was also investigated. The modification consisted of plasma prefunctionalization followed by a one-step wet treatment with silver nitrate solution. The process was performed in a low-temperature plasma medium, using a magnetron sputtering device. Oxygen and nitrogen were used as working gases in the system, and the results were compared. After preparing the samples, the zeta potentials of the untreated and plasma-treated cotton under a constant pH value solution were estimated and compared. Also, Fourier transform infrared spectroscopy (FTIR) was used to examine the functional groups of the corresponding samples. The amounts of silver absorption on plasma treated and untreated cotton were examined using the energy dispersive X-ray (EDX) method. The results show that the amount of zeta potential for the nitrogen plasma treated sample is less and the absorption of silver particles by cotton can be increased strongly with nitrogen plasma treatment.
Introduction
Heavy metal contamination of various water resources is of great concern because of its toxic effect on human beings and other animals and plants in the environment. The major sources of heavy-metal pollutants are usually from industry, including mining, metal plating, electric device manufacturing, and so on. Since heavy-metal ions are not biodegradable, they are usually removed physically or chemically from contaminated water. Conventional methods that have been used to remove heavy-metal ions from various industrial effluents usually include chemical precipitation, membrane separation, ion exchange, evaporation, and electrolysis, and are often costly or ineffective, especially in removing heavy-metal ions from dilute solutions [1, 2] . Sorption-active natural and synthetic fibers and textile materials have been widely used in various industrial fields. Their electrochemical properties, such as transport number and electrical resistance, have been vastly improved [3, 4] . ZHAO and MITOMO prepared a series of carboxymethylatedcellulose (CM-cellulose)/chitosan blend hydrogels in a highly concentrated solution state with electron beam (EB) irradiation. The aim of their study was to investigate the adsorption behavior and mechanism of heavy-metal ion uptake onto irradiation-crosslinked CM-cellulose/chitosan hydrogel. They found that the addition of chitosan to the CM-cellulose can increase the degree of crosslinking and the adsorption capacity of the blend of hydrogel [5] . In other research, it was shown that the cationization process using 3-chloro-2-hydroxypropyl trimethyl ammonium chloride (CHP-TAC) on cotton fabric caused an increase in the absorption of nanosilver particles on the surface [5, 6] . Also, a variety of cationic agents with amino, ammonium, sulfonium, phosphonium and other groups has been employed to modify cellulose fabrics. However, some disadvantages, such as high cost, inadequate reactivity, fabric yellowing, excessive fabric tendering and toxicity, were observed with these substances, preventing their industrial application. Among different innovative techniques used for the production of sorptionactive materials, the application of economical and ecologically clean radiation technologies is now being researched. The ion-exchange process of reactive fibers has been highly developed because of their multiple advantages compared with resins. The technique of plasma treatment is an effective surface modification method to save processing costs and to avoid environmental pollution [7∼11] . Indeed, the enhancement of functional properties may be explained by modifications of thermodynamical surface properties, particularly surface energy and electrical parameters at the surface, quantified by zeta potential. To date, there have been only a few papers that have studied the effects of plasma treatment on the zeta potential of fabrics. Zeta potential, ξ, is the electrical potential at the shear plane between a charged surface and a liquid when moving with respect to each other. It originated from the dissociation of acidic or basic functional groups on the polymer surfaces and the preferential adsorption of cations or anions in competition with the adsorption of water molecules [12] . In this research, after a long series of preliminary experiments, the most suitable experimental conditions were found for low-temperature plasma activation on the fabric surface, and the cotton samples were activated in these conditions. The zeta potential and metal absorption of cotton treated with oxygen and with nitrogen plasma were compared.
Experimental part 2.1 Materials
The samples used in this investigation were plain weave 100% cotton fabrics supplied by the Baft Azadi Co. (Tehran, Iran). Before treating the samples with low-temperature plasma, they were washed with 1 g/L of non-ionic detergent (Rucogen DEN) from Rudolf Chemie Co. (Tehran, Iran) and dried in a laboratory oven at 80
• C for 5 min.
Low-temperature plasma treatment
A direct current (DC) magnetron-sputtering device was used for plasma treatment; its schematic is presented in Fig. 1 . Oxygen and nitrogen gases were used as working gases. An aluminum (Al) post cathode was used because of its lower sputtering rate. Fabric samples were put on the anode in the plasma reactor. The chamber was pumped down to 2 × 10 −3 torr using a rotary pump, and then O 2 or N 2 was admitted into it up to a pressure of 5 × 10 −2 torr. After a long series of preliminary experiments, the most suitable experimental conditions were found for the low pressure plasma activation of the fabric surface and the samples were activated with the best conditions of the plasma [7∼11] . The current and voltage of the system were kept constant at 200 mA and 1000 V, respectively. It was found that, 5-minute exposure time for both of the used gases was enough for activation of the samples. For the lower conditions, no significant changes appeared on the samples, and by increasing the time of exposure, the Al particles were sputtered on the surface of the samples.
FTIR
Perkin-Elmer Fourier transform infrared spectroscopy (FTIR) was used for the investigation of the chemical structure of the fabrics.
Zeta-potential measurement
Zeta potentials are often used as an important parameter in analyzing the electrostatic surface interaction in adsorption. To estimate the zeta potentials, 0.1 g of each sample were ground into powder and each one suspended in 100 mL of deionized (DI) water. The mixtures were sonicated first for 4 h, followed by stirring for another 12 h, and then allowed to settle for 12 h. Samples were taken from the supernatants and used for zeta potential analysis. Before the analysis, each sample was distributed into several vials. The pH value of the sample in each of the vials was adjusted with 0.1 M KCl, and no background electrolyte was added to the sample. The pH value was constant at about 6.7 for each vial. An electrokinetic analyzer (EKA) (Anton Paar KG, Austria) was used to measure the zeta potentials of all the samples. The zeta potentials determined from the fragments of the samples were assumed to represent the zeta potentials of the samples in solutions of the same pH value.
AgNO 3 incubation technique
Silver nitrate was purchased from Merck. The native and pre-modified samples were incubated for 48 h at room temperature in a 0.01 M solution of AgNO 3 , protected from light. Then they were rinsed three times with DI water and finally dried in the laboratory oven at 70
• C for 6 minutes.
Energy dispersive X-ray (EDX)
An EDX unit connected to a scanning electron microscope was used to determine the percentage of the atomic contents of elements presented in the treated fabrics, and then the amounts of silver on the surface of untreated and plasma pre-modified fabrics were compared. All of the samples were gold coated before examination.
FTIR was used to examine the functional groups of the untreated and plasma-treated samples. The results are shown in Fig. 2 . As shown in the figure, an increase in absorbance at the 1720 cm −1 (C=O) band, and 1080∼1300 cm −1 (C-O) group was noticed after plasma treatment [10,14∼16] . The OH and NH bands overlapped in the 3400 cm −1 region. These functional groups were produced on the fabric by the reaction between the active species induced by the plasma in the gas phase and the fabric surface atoms. As can be seen, the effect of nitrogen plasma treatment is greater than that of oxygen. The peak at 1545 cm −1 appears owing to the presence of NH 2 and NH deformations in amides. The peak at 3357 cm −1 in a broad region 3100∼3470 cm −1 can be attributed to OH, NH or NH 2 stretch.
In the treated fabric, certain absorption bands can be observed in the 1180∼1360 cm −1 range (C-N stretching vibration) as well as a distinct band at 1170 cm −1 which are characteristic of C-O stretching deformation. Also, we can see that the absorption peak of nitrile groups at 2240∼2270 cm −1 is prominent after nitrogen plasma treatment [17∼21] . These results indicate that the nitrogen plasma treatment successfully converted cotton into a cationic material [20∼23] . The activation of the surfaces can help to absorb more silver particles.
As previously mentioned, the zeta potentials of the untreated and plasma-treated cotton under a constant pH value solution were estimated and compared. The results related to the zeta potential can be seen in Table 1. As is shown, the amount of zeta potential for the nitrogen plasma treated sample is less; however, for the oxygen plasma treated one, the zeta potential reaches 28.78 mV. The more negative the zeta potential is for the treated fabrics, the higher amide-or nitrogencontaining group density at the surface. Indeed, plasma treatments generate macromolecule chain scissions of the weakest bonds of cotton. These chain scissions create a large amount of very reactive chain-ends, such as free radicals, which then react easily with the reactive species presented in the plasma. As it was mentioned in the experimental part, after chemical investigation on the surface of the original and plasma treated samples, the metal absorption of the samples was studied by placing them in a silver nitrate solution. The EDX results showed that the silver content on the plasma-treated cotton was higher than that on normal cotton, and the absorption of silver particles due to nitrogen plasma pre-functionalization of the cotton samples was increased five times. Oxygen plasma pretreatment also increased the amount of silver absorption compared to the untreated cotton, but it was negligible (Fig. 3) . As can be seen, no peaks attributed to Al atoms can be found. This shows that, by the mentioned conditions of plasma treatment, no aluminum particles were deposited on the surface of the fabrics. The much higher silver content of the nitrogen plasma-treated cotton can be explained by considering that, when cotton fibers are immersed in a silver nitrate solution, negative charges resulting from dissociation of the functional groups of cellulose repulse the anions on the surface of the particles. Silver particles dispersed in aqueous solutions usually have a negative surface charge [6, 7, 23, 24] and then create a repulsive force against the cellulose fibers, which inhibits the sedimentation of silver particles on the surface of the fibers. Consequently, silver-particle adsorption is much lower on normal cotton than on nitrogen-plasma-treated cotton fibers. In the case of the N 2 plasma-treated cotton, large quantities of nitrogen-containing groups decrease the zeta potential of the fiber surfaces, which in turn increases the sedimentation of silver particles because of the greater attractive forces between the fibers and the silver [24] .
Conclusions
In this study, the effects of low-temperature plasma pretreatment on the zeta potential of cotton fabrics were investigated. The results showed that the absorption of silver particles by cotton can be increased strongly with nitrogen plasma treatment. It is because of the reduction of the zeta potential on the surface of cotton fabrics after N 2 plasma treatment.
Also, this can be attributed to the formation of cationic groups on cotton fabrics because of the change in the surface charge of the cellulose fibers. This study clearly confirms that plasma treatment has a good potential for removing and recovering heavy-metal ions from aqueous media. Thus, cationic modification by plasma can be used for modification of cellulose fibers to increase silver-particle absorption on their surfaces, and thus demonstrates a stronger antibacterial activity [7] .
